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I. INTRODUCTION  
The study of Gadolinia (Gd) doped fluorite structures are 
conducted for two main reasons first Gd is present as a fission 
product in the nuclear chain reaction. Second Gd has a high 
thermal neutron capture cross section that it enables the use of 
doped fuels (U1-xGdx)O2 or (Th1-xGdx)O2-x/2 as a reactivity 
control in reactors. The topic of this study is the incorporation 
of Gd2O3 as solid solution in the fluorite matrix of UO2 and 
ThO2 by using powder metallurgy synthesis methods. Previous 
studies showed that most rare-earth metals are soluble in the 
UO2 and ThO2 fluorite matrix, forming solid solutions when 
sintered under reducing atmosphere [1-3]. Although powder 
metallurgy is not the preferred route to obtain high 
homogeneity, it is worth to be explored, as it is the primary 
production method used in the nuclear fuel industry. Synthesis 
parameters that affect the final sample characteristics are 
identified and discussed in the present paper.  
 
II. EXPERIMENTAL 
 The synthesis was carried out through a powder 
metallurgical route, which consists of micronizing, blending, 
pressing and sintering of the components. This process mimics 
the method normally used in the nuclear industry.       Figure 1 
describes the experimental path followed to obtain the doped 
specimens.  
The samples were characterized by optical microscopy to 
analyse the microstructure (e.g. grain size, porosity) and to 
verify the presence or absence of gross heterogeneities (e.g. 
Gd2O3 particles). The influence of Gd2O3 on the lattice 
parameter of the matrix was determined by X-Ray diffraction 
(XRD), the study of the powder morphology was performed 
by Scanning Electron Microscopy (SEM), and the chemical 
homogeneity was determined by Electron Probe Micro-
Analysis (EPMA).  
1. The U-Gd-O system  
A systematic series of UO2 doped with Gd2O3 was 
produced with 2, 4, 6 and 8 mol% of Gd2O3. The synthesis 
method (      Figure 1(a)) consisted of a double step mixing 
during 5 hours at 30 Hz in a ball mill, using a ZrO2 jar and one 
ZrO2 ball of 10 mm diameter. The powder was pre-compacted 
at 100 MPa, while final pressing was performed with a 
compaction load of 400 MPa. The pellets were sintered during 
8 hours at 1750 °C under reducing atmosphere.  
      
Figure 1 (a) Experimental route used to obtain Gd2O3 doped UO2, (b) 
experimental route used to obtain Gd2O3 doped ThO2. 
 
2. The Th-Gd-O system  
ThO2 doped with Gd2O3 explored the compositions 5, 10 
and 25 mol% of Gd2O3. The synthesis method used for the 
powder precursors (      Figure 1(b)) was a diluting process, 
where a 50 mol% blend was first prepared through mixing 
during 5 hours and then down blended with ThO2 to obtain a 
25 mol% composition that was mixed for 3 hours. Successive 
dilutions were applied until the lower composition (5 mol% of 
Gd2O3) was produced. Pre-compaction, final pressing and 
sintering conditions were identical as for the U-Gd-O system.  
 
III. RESULTS 
1. U-Gd-O system  
The density of all samples exceeded 98% of the 
theoretical density. Physical defects that could interfere with 
the analysis of the samples were not observed. Grain growth 
was homogeneous for all samples. Free UO2 particles were 
observed for all samples and the average size of free UO2 
particles was 5 µm. No particles of free Gd2O3 were observed.  
The XRD results showed the presence of only one 
crystalline phase (i.e. face centred cubic (fcc), fluorite type). 
The lattice contraction due to the addition of Gd2O3 dopant to 
the UO2 matrix was observed as a peak shift in the diffraction 
pattern (Figure 2). The shift increases with the Gd2O3 content. 
The lattice parameter decreases linearly, which is in good 
agreement with Vegard’s law[4]. The specimens with 4 and 6 
mol% Gd2O3 showed similar peak widths compared to UO2, 
indicating chemical homogeneity. On the other hand, the 
specimens with 2 and 8 mol% Gd2O3 showed peak broadening 
that could be associated with a compositional inhomogeneity.  
  
 
Figure 2 Close up of the 422 peak of the superimposed XRD patterns  the 
systematic series UO2-Gd2O3. 
 
 
Figure 3 EPMA results presented as histograms of the variation of Gd content 
in the U-Gd-O systems. Values are expresed in wt% Gd.  
 
The specimen elemental composition was determined by 
EPMA and results are presented as histograms of the Gd 
content (Figure 3). The histograms confirm that a good 
homogeneity was reached for the 4 mol% and 6 mol% 
samples, while the 2 mol% and 8 mol% samples had slightly 
larger compositional variations, consistent with the XRD 
findings.  
 
2. Th-Gd-O system  
The density of all specimens exceeded 90% of the 
theoretical density. The samples at the end of the dilution line 
(5–10 mol% Gd2O3) had the highest microstructural 
inhomogeneity, in the form of dense particles surrounded by 
fine-scale porosity. Figure 4 clearly shows that two distinct 
phases are formed in the 5 mol% Gd2O3 specimen. Each one 
of these phases is characterized by different lattice contraction 
and the XRD peaks were substantially broadened compared to 
the ThO2 peak widths. The specimen with 10 mol% Gd2O3 
showed also substantial peak broadening and the presence of a 
measurable amount of unreacted ThO2. For the specimen with 
25 mol% Gd2O3 less peak broadening and a single phase were 
observed. From the XRD pattern, it was possible to observe a 
lattice contraction with increasing Gd2O3 content.  
 
Figure 4 Close up of the 422 peak of the superimposed XRD patterns of the 
systematic series ThO2-Gd2O3.  
 
These results encouraged a more in-depth SEM study of the 
powder morphology, before and after micronizing. It was 
found that the initial powder mix (50 mol% Gd2O3) had a size 
distribution between approx. 0.4 to 2 µm by the end of the 
milling process, while the added ThO2 was approximately 10 
µm. Therefore, the size difference of the particles is thought to 
create the physical defects in the sintered pellets.  
IV. DISCUSION AND CONCLUSIONS 
The results that were obtained for the U-Gd-O system are 
very promising. The applied powder metallurgical process 
resulted in an almost complete solid solution (U1-xGdx)O2-y. A 
small fraction of UO2 was left unreacted (‘free UO2’), as 
observed by optical microscopy, but it remained undetected in 
the X-ray diffractograms, which showed for each of the 
specimens only a single phase. With powder metallurgy, one 
does not expect to obtain perfect homogenization, and this was 
confirmed by EPMA analysis.  
 
For the Th-Gd-O system, a modified powder metallurgical 
process was applied which was proven to yield equally good 
results as the above approach in parallel investigations of the 
U-Ce-O system (to be published). The results, however, were 
less convincing. The XRD analysis showed a noticeable lattice 
contraction for all samples due to the Gd2O3 addition. For the 
studied compositional range (5, 10, 25 mol% Gd2O3) solid 
solution formation was expected. Nevertheless, only for the 
highest concentration (25 mol% Gd2O3) a single phase was 
observed. The microstructure showed heterogeneous 
densification, with highly dense zones alternated with zones of 
high porosity. The investigation of the powder morphology 
indicated that the difference in size between the intermediate 
blends and the diluting ThO2 powder are causing the 
microstructural homogenization problems. Tests with 
modified powder processes are on-going.  
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